Arsenite [As(III>] is a soluble and toxic species of arsenic that can be introduced into soil by geothermal waters, mining activities, irrigation practices, and disposal of industrial wastes. We determined the rates of As(III) adsorption, and subsequent oxidation to arsenate | As(V)| in aerobic soil-water suspensions using four California soils. The rate of As(III) adsorption on the soils was closely dependent on soil properties that reflect the reactivity of mineral surfaces including citrate-dithionite (CD) extractable metals, soil texture, specific surface area, and pH. Heterogeneous oxidation of As(III) to As(V) was observed in all soils studied. The recovery of As(V') from As(III)-treated soils was dependent on levels of oxalate-extractable Mn and soil texture. After derivation of rate equations to describe the changes in soluble and recoverable As(III) and As(V) in soil suspensions, soil property measurements were used to normalize the empirically derived rate constants for three soils. The fourth soil, which had substantially different soil properties from the other three soils, was used to independently test the derived soil property-normalized model. The soil property-normalized consecutive reaction model gave a satisfactory description of the trends seen in the experimental data for all four soils. Understanding the effects of soil properties on the kinetics of chemical reactions of As(III) and As(V) in soils will be essential to development of quantitative models for predicting the mobility of As in the field.
, and therefore the stability of As(III) after coming in contact with aerobic soils is of interest in environmental management.
Previous work on the reactions of As(III) with soil has focused primarily on As(III) adsorption rather than As(III) oxidation (Manning and Goldberg, 1997a; McGeehan and Naylor, 1994; Elkhatib et al., 1984) . Iron oxides have been shown to be the most important mineral component in determining a soil's overall capacity to adsorb As(III) and As(V) (Jacobs et al., 1970; Fordham and Norrish, 1974, 1979; Elkhatib et al., 1984; Livesey and Huang, 1981; Manning and Goldberg, 1997a) . It has also been concluded, using x-ray absorption spectroscopy (XAS), that As(V) is specifically adsorbed on synthetic Fe(III) oxide mineral surfaces (Waychunas et al., 1993; Fendorf et al., 1997) . Electrophoretic mobility work (Pierce and Moore, 1982) has shown that As(III) is also specifically adsorbed on the Fe(III) oxide surface, and this has now been confirmed using Fourier transform infrared spectroscopy (Sun and Doner, 1996) and XAS (Manning et al., 1998) .
The oxidation of As(III) to As(V) in soils has not been extensively studied despite the fact that this is an important reaction in the cycling of As in the environment. The oxidation of As(III) by lake sediments has been investigated (Oscarson et al., 1980 (Oscarson et al., , 1981 and it was concluded that an abiotic process involving Mn oxide minerals was directly responsible for As(III) oxidation. Heterogeneous oxidation of As(III) by synthetic Mn oxides (Oscarson et al., 1983; Scott and Morgan, 1995; Sun and Doner, 1998) , and clay minerals (Manning and Goldberg, 1997b) has been shown, though very little is known about the rates or mechanisms of As(III) oxidation in whole soils. An improved understanding of the rate of As(III) oxidation in whole soil is necessary for the application of predictive models to describe As transport in the field. In addition, linking measurements of important soil properties with a quantitative description of As(III) adsorption and oxidation would improve the predictive capability of reactive transport models.
Given the need for a better understanding of the Abbreviations: CD, citrate-dithionite; DI, deionized; HPLC-HGAAS, high performance liquid chromatography-hydride generation atomic absorption spectrometry; Me T , total citrate-dithionite extractable metals (Al + Fe + Mn); Mn 0 x, oxalate-extractable manganese; SA, specific surface area; XAS, x-ray absorption spectroscopy; XRD, x-ray diffraction. oxidation and adsorption rates of As(III) in soils, the objectives of this study were: (i) to determine the As(III) adsorption and oxidation rates in soil by measuring the As(III)-As(V) speciation and fractionation in As(III)-treated soil as a function of time; (ii) to develop a simple, verifiable kinetic rate law for describing the time-dependent reactions of As(III) in soil for eventual use in solute transport models; and (iii) to incorporate soil property measurements into kinetic expressions to improve their general applicability to different soils.
THEORY
Two techniques can be used to describe time-dependent reactions in well-mixed soil suspensions: (i) mechanistic rate law determination and (ii) apparent rate law determination (Sparks, 1989, p. 5-11; Skopp, 1986) . Mechanistic rate law determination describes elementary chemical reactions at the molecular level, whereas an apparent rate law recognizes that unknown elementary reactions may be contributing to an overall, apparent rate. Even in well-mixed, dilute soil suspensions, modeling the rate of As(III) adsorption and oxidation is complicated by intraparticle diffusion, unknown reaction intermediates, and irreversible adsorption of both reactants and products. Therefore, modeling As(III) adsorption and oxidation in soil suspensions is best treated by defining apparent rate laws for the measurable processes after treatment of the soil with As(III).
We used the following mass balance expression for the measurable fractionation of As(III) in soil suspensions:
[ [1] where [As(III)] 0 is initial As(III) added to the suspension; [As(III)] SO i and [As(V)] so , are soluble As(III) and As(V); [As(III)] exch and [As(V)] exch are exchangeable As(III) and As(V); and [As] imraobi i e is immobile, or unrecoverable, As. The [As(III)]exch and [As(V)] exch fractions were operationally defined by recovery using a phosphate extraction procedure (see below). The [As] immobi | e fraction was operationally defined as all "unrecoverable" As, or the difference between [As(III)] 0 and total recoverable As, which can be expressed by rearrangement of Eq. [1]:
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Using the mass balance expressions in Eq.
[1] and [2], two apparent fate laws were developed to describe the fractionation of As(III) after addition to the soil: Case 1. rates of change in soluble As(III) and As(V), and Case 2. rates of change in recoverable As(III) and As(V).
Case 1: Soluble As(III) and As(V)
The rates of change in soluble As(III) and As(V) were described with the following expression:
where k\ and k 2 are the forward rate constants (h l ) for the reactions. Equation [3] is an apparent rate expression because it does not describe elementary chemical reactions and only accounts for the measurable changes in the soluble As(III) and As(V) species. Modeling the transport of As(III) and As(V) in the field will require a kinetic expression to describe the time-dependent changes in [As(III)] so i and [As(V)] so ,. In addition, the inclusion of [As] imnTO biie in Eq. [3] is important because this is a long-term sink for As in soil.
Case 2: Total Recoverable As(III) and As(V)
A second rate expression was used to describe the rate of change in the amounts of total recoverable As(III) and As(V) in soil suspensions treated with As(III):
where [As(III)] Recov and [As(V)] Rec0 v are total recoverable (soluble + exchangeable) As(III) and As(V), respectively. Case 2 is an attempt to describe the total As(III) and As(V) in the suspension (soil + solution) and conforms to the mass balance of the system in Eq.
[1] where: 
Consecutive Reaction Mechanisms
The mathematical treatment of Eq.
[3] and [4] uses the theory of consecutive reaction mechanisms (Laidler and Meiser, 1982, p. 406-409 
Incorporating Soil Property Data into Rate Equations
When applied to different soil types, the predictive capability of rate models will improve if important soil properties are used in the development of model equations. In our study, soil properties that influence the reactions of As(III) with soil such as CD-extractable Al + Fe + Mn (Me T ), oxalate-extractable Mn (Mn ox ), pH, and soil texture were used to normalize soil-specific rate constants. This allowed the derivation of normalized rate constants to be used in combination with measured soil-specific properties in rate expressions. Rate constants (ku and k Tl ) for three soils (Fallbrook, Panoche, and Indio) were first fit directly to experimental data in the consecutive reaction model as described above. This was followed by correcting the fitted, empirical kn and k 2i values for three soils (n = 3) with soil property values: [14] where k^ is the soil property-normalized rate constant for the first step of the consecutive reaction model, k u is the empirically fitted k\ for soil i, and X t and Y, are soil properties values for soil i. For the final modeling step, a new rate constant was recalculated for each soil: At most, two soil properties were used for rate constant normalization and incorporation into the consecutive reaction rate model. The influence of soil properties on the adsorption and oxidation of As(III) will be addressed in more detail below.
MATERIALS AND METHODS
Soil Characterization Four soils from California were used in this study to represent a range of soil properties. Surface (<20 cm) samples of a Fallbrook sandy loam (fine-loamy, mixed, thermic, Typic Haploxeralf), Indio very fine sandy loam (coarse-silty, mixed, calcareous, hyperthermic Typic Torrifluvents), Panoche clay loam (fine-loamy, mixed, superactive, thermic Typic Haplocambid), and Aiken clay soil (fine, parasesquic, mesic Xeric Haplohumult) were sieved (<2 mm) and handled so as to maintain field soil moisture conditions by refrigeration at 4°C in sealed high-density polyethylene tubs. Though natural As(III)-As(V) speciation may change during storage, the As(III) oxidizing capacity of the soils did not change when the soils were stored this way for several months. The Aiken soil was used as an independent test soil for the kinetics model after model optimization using the Fallbrook, Indio, and Panoche soils. The pH of the soil-As(III) solution suspensions was determined with a Corning semi-micro glass combination pH electrode and a Corning Ion Analyzer 150 (Corning Glass Works, Corning, NY).
1 Soil texture was determined by the hydrometer method (Gee and Bauder, 1986) . Specific surface area (SA) of the <2-mm soil fraction was determined by single-point Brunauer-Emmett-Teller N 2 adsorption with a Quantisorb Jr. surface area analyzer (Quantachrome Corp., Syosset, NY). The dominant mineralogy of the soils was analyzed by separating the sand and clay fractions by sedimentation in deionized (DI) water and recovery of the suspended clay particles by centrifugation. The sand fraction was then repeatedly rinsed with DI water and both oriented slide and random powder mounts were analyzed by x-ray diffraction (XRD) for major mineral components.
Selective dissolution analyses were performed to determine the Al, Fe, and Mn content and crystallinity of the soils. A CD extraction was employed to extract total crystalline or free Fe oxides by shaking 4 g of soil in 120 mL of 0.57 M sodium citrate (Na 3 C 6 H 5 O 7 • 5H 2 O) and 0.1 M sodium dithionite (Na 2 S 2 O 4 ) for 16 h (Holmgren, 1967) . Dissolution of Fe oxides by CD extraction also releases coprecipitated Al and Mn. Amorphous or poorly crystalline Al, Fe, and Mn oxides were determined by extracting 4 g of soil in 120 mL of acidified ammonium oxalate buffer [0.175 M (NH^QC^ + 0.1 M H 2 C 2 O 4 , pH 3.0] for 2 h (Loeppert and Inskeep, 1996) . For both extraction procedures, the suspensions were shaken, cen-trifuged (4100 g, 10 min) and 15-mL aliquots were removed, filtered (0.1 (Jim), and acidified with high purity HNO 3 . Samples were then analyzed for Al, As, Fe, and Mn by inductively coupled plasma atomic emission spectrometry. A low background level of As was detected in the CD extracts of the soils (<10 mg kg" 1 As), which was substantially below the amount of As(III) added during adsorption experiments.
As(III) Reaction Kinetics
The reaction kinetics of As(III) with the soils were investigated in batch experiments using 40-mL polycarbonate centrifuge tubes. Two grams of soil were reacted with 20 mL of 66.7 (jiM As(III) in 5 mM CaCl 2 on a reciprocating shaker for 0.25,0.5,1,1.5,2,3,4,8,18,24, and 48 h. All sample treatments were processed in duplicate and the averages of duplicates are reported in all figures. The As(III) adsorption and oxidation reactions were terminated by centrifuging (14 500 g, 5 min), decanting the supernatant, and filtering (0.1 |xm). This process took =10 min, and it was confirmed that oxidation of soluble As(III) ceased after separation of the solution from the soil solids. The solids remaining in the reaction tubes were then resuspended and shaken for 1 h in 20 mL of 10 mM KH 2 PO 4 :K 2 HPO 4 buffer at pH 7 (10 mM PO 4 ) to recover exchangeable As(III) and As(V) from the soil. This extraction procedure has been used in previous work with As(III)-treated clay minerals (Manning and Goldberg, 1997b) , and the As(III)-As(V) speciation in the filtered, refrigerated extract was preserved for several days. Addition of 10 mM PO 4 to the As(III)-treated soil did not cause additional As(III) oxidation, but actually may have slowed the oxidation by adsorbing on available oxidative surfaces.
The Fallbrook soil, which gave the greatest recoverable As(V), was chosen for more detailed work to investigate the effects of pH on As(III) adsorption and oxidation. These experiments used the same reaction conditions as given above except that the soils were first equilibrated for 24 h in 5 mM CaCl 2 containing an appropriate quantity of HC1 or NaOH to make the soil suspension pH of 5.0, 6.0, 7.0, and 8.0. The pH-adjusted Fallbrook suspensions were treated with As(III) by adding 0.1 mL of 13.3 mM As(III) to commence the timed experiment.
Speciation of As(III) and As(V) in all soil solutions and extracts was determined by high performance liquid chromatography (HPLC) using a Dionex AS-11 lonPac anion exchange column (Dionex Corp., Sunnyvale, CA) coupled with hydride generation atomic absorption spectrometry (HGAAS) detection (Manning and Martens, 1997) . This technique allowed direct, trace-level detection of As(III) and As(V) in complex soil solution matrices. The majority of samples were analyzed by HPLC-HGAAS immediately after filtering, without sample storage.
RESULTS AND DISCUSSION

Soil Characteristics
Selected soil properties for the four soils are shown in Table 1 . The soil pH values (1:10 soil/DI water) show a range from 9.3 for the Indio soil to 5.9 for the Aiken soil, indicative of the wide range in properties of these soils. The Indio and Fallbrook soils had similar particlesize distribution, dominated by sand, whereas the Panoche and Aiken soils were higher in clay-size particles. Specific surface area, clay content, and amount of extractable metals were closely related soil properties in these samples. Both the Fallbrook and Indio soil clay fractions were composed of predominantly mica and illite with moderate amounts of kaolinite. However, the Indio soil, with both alkaline and sodic properties, also contained quartz and some calcite in the clay fraction. The clay fraction of Panoche clay loam was composed predominantly of illite. The XRD patterns of sand fractions were dominated by quartz and other primary minerals, including plagioclase.
As(III) Adsorption and Oxidation by Soil
The fractionation of added As(III) to three soils is shown in Fig. 1 . The decrease in soluble As(III) was initially rapid for all soils, possibly reflecting strong initial adsorption on the available high-energy surface sites on metal oxides. The Fallbrook and Panoche soils displayed a greater amount of both adsorption and oxidation than the Indio soil. For all soils, total recoverable As decreased steadily for 48 h, probably due to slow intraparticle diffusion of both As(III) and As(V). Rapid adsorption was followed by oxidation of As (III) to As(V), which then partitioned between the solid and solution phases (Fig. 1) . Soluble As(V) was detected immediately after As(III) contacted the soil, and both As(III) and As(V) were recovered in PO 4 extracts of the soil solids. The overall reaction behavior involved an initial, fast As(III) adsorption reaction followed by both oxidation to As(V), and an immobilization reaction where both As(III) and As(V) were incorporated into the solid phase. Arsenic(III) may be adsorbed and stabilized on certain mineral surface sites in soil, especially Fe oxides (Manning et al., 1998) ; however, the recovery of exchangeable As(III) in the 10 mM PO 4 extract decreased with time.
Based on the general behavior of As(III) (Fig. 1) , a hypothetical reaction scheme to describe the dominant reaction pathways for As(III) in aerobic soils was postulated (Fig. 2) . Soluble As(III) is rapidly adsorbed on mineral surfaces such as Fe oxides and phyllosilicate edge sites to form As(III) complexes, which are partially recoverable with PO 4 (denoted exchangeable [=Me-As(III)]). The scheme in Fig. 2 indicates that certain mineral surfaces, such as Mn oxides, cause heterogeneous oxidation of As(III) by formation of a precursor complex (denoted [=Mn-As(III)]) followed by release of the As(V) reaction product into solution. This pathway has been recognized previously for the reaction of As(III) on synthetic Mn oxides (Scott and Morgan, 1995; Sun and Doner, 1998) . Homogeneous As(III) oxidation was not observed in solutions that had not been in contact with soil, or in filtered soil suspension supernatants, and thus was not considered as an important reaction pathway for As(III). The long-term fate of As(III) added to soil involves adsorption, heterogeneous oxidation on certain mineral surfaces, and intraparticle diffusion. Ultimately, the formation of immobile As(III) and As(V) may involve reaction pathways that are unknown (designated as "?" in Fig. 2 ). It is important to note that the consecutive reaction model employed in this study uses apparent rate laws that are combinations of the elementary reaction steps indicated in Fig. 2 . The reaction steps in Fig. 2 are consistent with, and reflected in, our experimental results but remain hypothetical because of the macroscopic nature of this study.
Effects of Soil Properties on As(III) Adsorption and Oxidation
The effect of pH on the reactions of As(III) with the Fallbrook soil was investigated in detail because this soil had the greatest As(III) oxidizing capacity. Increasing the Fallbrook soil suspension pH caused an increase in the initial As(III) adsorption rate, though the amount of soluble As(III) converged for the four treatments after 48 h (Fig. 3a) . The more rapid adsorption of As(III) in the higher pH treatment was reflected in the increases in fitted rate constants to describe changes in [As(III)] so i as the suspension pH was increased from 5 to 8 (Table  2) . Increasing pH caused an increase in the fitted rate constants to describe [As(III)] Recov for the early (fast) time period (t < 2 h), but the effects of pH on the rate constants to describe the slow rate of change in [As(III)] Recov (fci S | OW ) were less obvious (Table 2 ). Increases in the recovery of As(III) in the PO 4 extract (Fig. 3b) corresponded with increases in adsorption. Combining the [As(III)] so i and [As(III)]e XC h fractions shows that total As(III) recovered ([As(III)] sol + [As (III)]exch) was only slightly effected by pH (Fig. 3c) . At the suspension density and initial As(III) concentration used in this study, pH had the greatest effect on the short-term solid-water partitioning of As(III). Recent work (Raven et al., 1998; Manning et al, 1998; Manning and Goldberg, 1997b) has shown that Fe oxides, amorphous Al oxide, and aluminosilicate minerals have a maximum equilibrium affinity for As(III) near pH 9.2. This behavior is consistent with the increase in As(III) adsorption rate observed when pH was increased from 5.0 to 8.0 in As(III)-treated Fallbrook suspensions.
The level of soluble As(V) in As(III)-treated Fall- brook reached a maximum at 18 h and then decreased with time. The greatest concentration of soluble As(V) was observed at the lowest pH (Fig. 4a) , which suggested that a mineral surface reaction was participating in the oxidation of As(III) in soils. Previous investigation of the pH dependence of As(III) oxidation by 8-MnO 2 (Scott and Morgan, 1995) determined that the reaction rate increases with decreasing pH. However, in more complex systems such as soil, oxidation and adsorption are operating simultaneously. This probably explains the greater recovery of As(V) at pH 6.0 than pH 5.0 ( Fig. 4b and 4c ) because even though more As(V) is formed at lower pH, the As(V) species also is adsorbed more strongly at low pH and is more resistant to extraction by PO 4 . The effect of pH on As(III) oxidation in soil appears to be twofold. First, increasing pH results in increases in the As(III) adsorption rate on most reactive surfaces (Fe and Al oxides), which effectively decreases the amount of As(III) available for heterogeneous oxidation by surfaces that oxidize As(III), such as Mn oxides. Second, decreasing pH results in more favorable conditions for heterogeneous oxidation of As(III) by Mn oxides, which has been confirmed in pure systems (Scott and Morgan, 1995; Sun and Doner, 1998) . In addition to pH, soil properties that affect the rapid As(III) adsorption rate are those which reflect the availability and reactivity of mineral surfaces, such as clay percentage, SA, and Me T . After an analysis of the effects of soil properties on the rapid adsorption reaction of As(III), it was determined that the differences in the rapid (t = 0-2h) As(III) adsorption behavior between the soils was best explained by the differences in the product [Me T X pH] of the soils. An increase in Me T is an indicator of increased reactive surface in the soil, and increasing soil pH increases the As(III) adsorption rate. The pH values in the As(III) reaction solutions for the Fallbrook, Panoche, and Indio soils were 6.5, 7.9, and 9.3, respectively. The Aiken soil pH was 5.9 (discussed below). Determination of the rapid adsorption reaction rate of As(III) on the Fallbrook, Panoche, and Indio soils for t < 0.5 h showed a roughly linear decrease in soluble As(III) in normalized data [ln(C/C 0 )j for this short time (Fig. 5a ). Three soil-specific rate constants (££) were calculated using the three slopes derived from the experimental data in Fig. 5a . The (feS) values were then normalized to determine a constant for the three soils:
After calculation of (fcif ast ), a rate expression was developed for predicting the decrease in [As(III)] so i for an individual soil which is analogous to Eq. Fig. 5b and good agreement between experimental data and the model was found for the rapid decrease in [As(in)] so , observed in the soils. Because SA and Me T were correlated in the four soils (Table 1) it was not necessary to simultaneously include both of these properties in Eq.
[18]. Though (fellas,) may not be appropriate for all soils, it probably represents soils containing similar mineral phases as the soils from which the values were obtained.
Prediction of [As(III)] SO | across longer time periods (t = CMS h) was achieved by deriving the rate constants directly from [As(III)] so i data (Fig. 6) followed by normalization of the rate constants with soil properties. The plots of ln(C/C 0 ) vs. t showed two time regions at t < 2 h and t > 2 h, which necessitated the designation of a fast rate (/Ci fast , t < 2 h) and a slow rate (A: lsk)W , t > 2 h) for accurately describing the rate of removal of As(III) from solution. This two-rate behavior probably results from rapid initial adsorption of As(III) on highenergy surface sites, followed by slower processes that affect [As(III)] so i, such as intraparticle diffusion into soil particles and oxidation on mineral surfaces.
After determination of (/c lfast ,) and (&I S I OW N) (Fig. 6) (Table 3 ). The rate constants used to predict [As(V)] Recov were normalized using Mn 0 x and sand percentage because the Fallbrook soil, which had a combination of the highest Mn 0 x (of the three soils) and a coarse texture (66% sand), yielded the most [As(V)] recov .
Describing As(III) Reactions with the Consecutive Reaction Model
Using the rate constants described in Table 3 , the consecutive reaction rate model was used to describe the fractionation of As(III) in soil suspensions over the entire measurement time period (t = 0-48 h). Soluble As(III) and As(V) were described using Case 1 (Eq.
[3]), which includes the prediction of [As] immobi i e . Comparing the soil property-normalized consecutive reaction rate model results with the soluble As(III) and As(V) experimental data for the Fallbrook, Panoche, and Indio soils (Fig. 7) indicates that the model gives a good description of the general trends of the [As(III)] SO i and [As(V)] so , data. However, the [As] immobi i e fraction is somewhat overpredicted at t > 18 h in the Panoche and Fallbrook soils. Using recoverable As(III) and As(V) (Case 2, Eq. [4] ) in the consecutive reaction rate model also resulted in an excellent description of the experimental results, with the exception of short-term [As] immo biie data (t < 24 h), which were somewhat underpredicted (Fig. 8) . Comparing model results suggests that both modeling approaches (Case 1 and Case 2) can be used as indicators for predicting the formation of [As]j mmobi | e .
The final step in the analysis of the consecutive reaction rate model involved describing the reaction of As(III) with an independent soil using the measured soil properties (Me T , Mn ox , pH, and soil texture) and the rate constants defined in Table 3 ; The Aiken soil sample, which was derived from volcanic parent materials, contained higher levels of extractable metals and had a lower pH than the other soils (Table 1) . Although the Aiken soil contains high levels of extractable Mn, the As(V) produced was resistant to recovery with 10 mM PO 4 because of the higher surface area and high levels of extractable metals (Me T ). Comparing the Aiken soil experimental data and the model results for [As(III)] so i and [As(V)] so , (Fig. 9a) shows clearly that the model accounts for the increase in the As(III) adsorption rate for this soil. The formation of the low level of soluble As(V) is also predicted by the model (Fig.  9b) . Similarly, the model fit to the [As(III)] Recov and [As(V)] Recov data for the Aiken soil (Fig. 10) is reasonable considering that the Aiken soil properties are outside the range of soil property values for the Fallbrook, Panoche, and Indio soils, which were used to optimize the model.
CONCLUSIONS
The reactions of As(III) with the four soils included both adsorption and heterogeneous oxidation to As(V). A rapid As(III) adsorption reaction was followed by As(III) oxidation to As(V) and a partitioning of As(V) between the solution, exchangeable, and immobilized fractions of the soils. Soil properties important in determining the rate of As(III) adsorption in soil are those that affect the distribution and availability of reactive mineral surfaces, such as clay percentage, SA, pH, and levels of reactive metal oxides (Al, Fe, and Mn). Detailed experiments on the Fallbrook soil showed that pH had a pronounced effect on the initial, fast adsorption reaction of As(III) within this soil. However, among soils, other soil properties that reflect the amount of reactive surface will be more important than pH in explaining a soil's adsorption capacity.
Heterogeneous oxidation of As(III) will increase with increasing amounts of Mn oxide surfaces in the soil. However, due to the tendency of As(V) to form strong, inner-sphere complexes on metal oxide mineral surfaces, the recovery of As(V) will be more difficult in finer-textured soils due to their greater overall adsorption capacity. Though there was measurable heterogeneous As(III) oxidation in all four soils, the Fallbrook soil sample yielded the most recoverable As(V). We suspect that this was due to a combination of Fallbrook soil properties (a critical amount of Mn oxide content and a coarse soil texture). The Aiken soil, which had elevated Mn compared with the other soils and was fine textured, had very low As(V) recovery. The long-term fate of As(III) in mineral soils under aerobic conditions involved oxidation to As(V) followed by the formation of unrecoverable or strongly adsorbed As(V). It is also possible that some unrecoverable (immobile) As(III) remained in the soil.
Developing a model to describe the kinetics of As(III) reactions in soils will be useful for predicting the fate and transport of As(III) and As(V) in column studies as well as the long-term disposition of As in the field. In addition, other elements such as Cr and Se, whose solubility and toxicity depend on redox state, will require a similar type of model development. The kinetics model used in this study (the consecutive reaction rate model) was developed for mineral soils and was used in combination with soil property measurements to describe both the adsorption and oxidation of As(III). Though model development will clearly be improved with the incorporation of more soil measurements, the model gave satisfactory descriptions of the behavior of both soluble and recoverable As(III) and As(V) in soil suspensions. Application of kinetic expressions to the reactions of As(III) with soil underscores the need for understanding the effects of soil physical and chemical properties on the adsorption and oxidation capacities of soils.
